Fabrication and integration of microprism mirrors for high-speed three-dimensional measurement in inertial microfluidic system Inertial microfluidics utilizes fluid inertia from high flow velocity to manipulate particles and fluids in 3D. Acquiring a 3D information of particle positions and complex flow patterns within microfluidic devices requires 3D imaging techniques such as confocal microscopy, which are often expensive and slow. Here, we report on a prism-mirror-embedded microfluidic device that allows simultaneous imaging of the top and side view of the microchannel for a high-speed, low-cost 3D imaging. The microprism mirrors are fabricated and integrated into a microfluidic system using conventional microfabrication techniques including wet etch and soft lithography. This inexpensive high quality prism mirror provides a highly reflective, smooth mirror surface with precise 45 reflection angle, enabling 3D measurement of inertial migration of microparticles in a rectangular channel at speeds in excess of 10 000 frame/s. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/ 1.4895594] In recent years, there has been much interest in investigating the physical phenomena and diverse applications with inertial microfluidic systems due to their capability of high speed manipulation of particles and fluids in threedimension (3D). [1] [2] [3] Despite the increasing needs, currently there is no simple technique to measure the 3D positions of microparticles for inertial microfluidic systems due to their high flow velocity; the typical Reynolds number (Re) for inertial microfluidics is Re > 10, and the flow velocity (U) is $0.1 À 10 m/s (Re ¼ qUH/l, where H is the channel dimension and q and l are the fluid density and the dynamic viscosity, respectively). Therefore, particle positions in 3D were inferred from out-of-focused particle images and/or measurements from two separate experiments with microfluidic channels that can provide the topview and side-view results. [1] [2] [3] There were a few studies presenting 3D measurements of individual particle positions in inertial microfluidic systems. [4] [5] [6] Particle tracking analysis (PTA), a method similar with confocal microscopy but having a high-intensity pulse as the excitation light source, could provide a fast 3D imaging but requires sacrificing resolution ($6 lm in vertical direction 4 ). Holographic imaging has been applied to observe the 3D positions of particles in circular and square cross-section capillary tubes 5, 6 but an application to general microfluidic channels has not been reported. In addition, these techniques require a complex and expensive optical setup and additional image processing steps.
Not only for inertial microfluidic applications, there are increasing calls in microfluidic community for simple and inexpensive 3D measurement techniques that can visualize complex fluid flow 7-9 and track particle or molecule in suspension or a cell. 10, 11 Several microfluidic systems were developed to overcome the limitations of conventional methods such as confocal microscopy. [12] [13] [14] [15] The mirror embedded microchannel method that utilized a mirror-coated silicon wafer inserted into a microfluidic device with a 45 reflection angle to provide simultaneous imaging of both the side and top view of the channel with a single objective lens was reported. 12, 13 However, the large size of the bulk mirrors necessitated the use of reflected light microscopy, and consequently achieved only a modest frame rate of $100 frame/s, insufficient for high speed applications, due to the limited amount of available light intensity. Fast 3D tracking of nanoparticle positions (up to $300 frame/s imaging) was reported using pyramidal micromirror wells (PMWs) 14 and Vgrooved mirror structures 15 etched from a silicon wafer, but in this case, the 54. 7 mirror reflection angle complicated the 3D reconstruction and the application was limited to particle tracking in a confined space.
In this paper, we report on achieving high-speed 3D measurements of particles in a simple, low-cost microfluidic system using "right-angle microprism mirrors" integrated into a polydimethylsiloxane (PDMS) microfluidic device. The microprism mirrors are fabricated and integrated into a microfluidic system using conventional microfabrication techniques including wet etch and soft lithography. These inexpensive high quality prism mirrors can be massproduced easily, and provide highly reflective, smooth mirror surfaces with precise 45 reflection angle. Using such a system, we demonstrate high-speed 3D measurements of inertial migration of microparticles in a rectangular channel at speeds in excess of 10 000 frame/s using a conventional optical microscope.
The microchannel devices were fabricated by conventional PDMS soft lithography process. 16 Fig . 1 shows the channel design and assembly schematic. The prism-mirrorembedded microfluidic channel device is composed of two PDMS layers. The bottom layer has two parallel trenches with pre-defined separation distance. These trenches are fabricated by two step photolithography with different depth and cross sectional area, one for fluidic channel and the other for microprism embedding chamber ( Fig. 1(a) ). The microprism embedding trench provides easy integration and minimal alignment error. We used a prism with 190 lm height for the device reported in this research. After inserting the microprism into the embedding trench, a small amount of uncured PDMS was applied and cured to hold the prism mirror in place.
The top layer is the capping layer for the microfluidic channel and the microprism embedding chamber. The top and bottom layers were aligned and bonded using oxygen plasma. The vacant space in the microprism embedding chamber was filled with PDMS and cured. To avoid air bubble formation in this process, the whole device was placed in vacuum for 20 min prior to PDMS filling. Homogenous sealing of the microprism embedding chamber not only increases the integrity of the device but also removes refraction and reflection at the chamber wall by refractive index matching. Fig. 1(b) shows a photograph of the microprism embedded microchannel device.
Right angle microprisms were fabricated using silicon anisotropic etching and soft lithography. First, a 200 nm thick SiN layer was grown on a {100} Si wafer ( Fig. 2(a) ). Straight line windows were then defined in the SiN layer along the h100i direction using photolithography and reactive ion etching. The underlying Si wafer was then etched anisotropically using tetramethylammonium hydroxide (TMAH) (300 ml)/isopropyl alcohol (IPA) (600 ml)/ and deionized (DI) water (2700 ml) solution for 6 h at 80 C. While the relative etch rate for major crystal planes are {110} > {100} > {111} for pure TMAH solution, mixing with IPA alters this rate so that the etch rate along the h100i becomes faster than that along the h110i direction. Consequently, etching with an etch mask along the h100i direction leads to formation of a 90 V-groove bound by two {110} facets 17, 18 ( Fig. 2(a) top and middle). The remaining SiN etch mask was then removed with RIE. Fig. 2(c) shows an SEM image of the 45 angled V-shape silicon mold. Commercial UV curable photopolymer (NOA71; Norland Products Inc., USA) was used to make a polymer microprism. To release the cured microprism without significant stress, PDMS molds were replicated from the fabricated V-grooved silicon mold with two step replica molding procedure. Fig. 2(b) shows the details of PDMS replica molding and microinjection molding in capillaries (MIMIC). 19, 20 The V-grooved 2nd PDMS mold (for UV curable polymer) was fabricated by molding against the 1st PDMS cast replicated from the silicon master mold. The cross-section image of the 1st PDMS cast (Fig. 2(d) ) shows precise 45 -45 -90 triangle. Such precise control of prism angles, together with precise alignment of the mirror using photolithographically defined embedding channel, provides a precise reflection angle (see supplementary material for more detail 21 ). Because the hypotenuse of the prism will be used as the mirror surface, the V-grooved PDMS mold was placed on an optically flat PDMS plate replicated from a polished silicon wafer. UV curable polymer was then filled in the V-grooved channels by capillary force and was cured with UV exposure. Finally, a 100 nm thick aluminium layer was deposited on the hypotenuse of the polymer microprism by DC sputtering. Fabricated microprism mirrors had a height of $100-200 lm (hypotenuse size of $150-300 lm) and a length as long as 3 cm (Figs. 1(c) and 2(e) ).
Since the prism is used as an optical reflector, we first analysed surface roughness and reflectance of the asdeposited Al surface. Atomic force microscopy (Multimode-N3, Bruker Corp., Germany) measurements revealed that the reflection surface has an RMS roughness of 4.9 nm (supplementary Fig. 1(a) 21 ), which gives an optically smooth surface. We believe that the roughness is limited by the aluminium deposition process. The reflectance was measured by reflectometer (ST2000-DLXn, K-MAC Co., Korea) and found to be $80% over entire visible spectral range (supplementary Fig. 1(b) 
21
). Mirror coating with silver instead of aluminium can provide a higher reflectance; however, aluminium is chemically more stable and gives a high reflectance in wider spectral range.
It should be noted here that the finite distance between the channel and the mirror introduces a difference in the optical path length (OPL) between the top and side view, which can hinder their simultaneous imaging by a single lens. We have compensated the different OPL by placing cover slips above the prism mirror. 22 However, presence of the cover slips introduces a geometrical aberration, which, together with the finite depth of field (DOF) of the microscope objective (9 lm for k ¼ 508 nm with 10Â objective lens), increases the circle of confusion of the side-view image by 22%. However, since all optical surfaces are still parallel, the position of a particle given by its centroid, assuming a spherical, homogeneous particle, will not be affected by such aberrations, 12 thus still enabling the 3D measurments of particle positions. We note, however, that such problems can be solved by shaping the PDMS capping layer and using a microscope objective with a larger DOF, and thus do not present a fundamental problem of the prism-mirror method. Another possible method is to use dual objective lenses (from the top and the bottom of the microfluidic device) to focus on the top and side view separately. Although this approach will make the system slightly more complicated, a capability of separate focusing will be useful, especially for channels with a high aspect ratio. A more detailed description and characterization of the optical effects can be found in the supplementary material. 21 Performance of the fabricated microprism embedded microchannel was characterized by imaging 10 lm green fluorescent particles (Thermo Fisher Scientific Inc., USA). Fluorescence images of the stationary particles were acquired using fluorescence microscopy (Eclipse LV100 Pol., Nikon Instrument Inc., Japan) with 1 ms exposure time. Two orthogonal fluorescence images were observed simultaneously using a single objective lens, as shown in Fig. 3(a) , thus validating the concept of this approach. We also find that the reflected side-view image is slightly darker, and is 16% larger than that of top-view images (Fig. 3(b) ), in a good agreement with the calculated increase of 22% for the circle of confusion.
As a demonstration of high-speed 3D tracking with the prism-mirror-embedded microfluidic device, inertial focusing of microparticles was observed under a transmitted light microscope equipped with high speed camera (Phantom v7.3, Vision Research Inc., USA). Two illuminations sources, one for top view and one for the side view, were used (supplementary Fig. 4 (Ref. 21) ). We constructed a straight, rectangular cross-section channel (width ¼ 50 lm, height ¼ 30 lm, and length ¼ 2 cm) and embedded a prism mirror on the side of the fluidic channel (Fig. 2(c) ). The field of view covers $700 lm along the microfluidic channel with a 20Â objective lens. We observed inertial focusing of microparticles (10 lm diameter) at Re ¼ 11. Positions of fast-moving particles ($0.3 m/s) were successfully measured in the two orthogonal images of x-y and x-z plane with the high-speed camera (Figs.  4(a) and 4(b) ). The reflected side-view images were slightly darker because we lowered the side illumination intensity to show mirror position. Nevertheless there was no difficulty in capturing orthogonal images with exposure time as short as 1 ls, which implies imaging speed of $10 6 frame/s. Again, we find that the side-view image is slightly blurred compared to the top-view image. However, the x-positions of the particles match up very well, with the same inter-particle distances, confirming that particle positions can be measured precisely despite the problems of different OPL and finite DOF (see supplementary material for more detail 21 ). In straight channels with finite Reynolds-number-flows, particles migrate towards the equilibrium positions that are determined by balance of inertial lift forces and channel cross-section geometry. In a rectangular cross-section channel, there are two focusing positions near the center of the two wider faces. 2, 23, 24 This is directly confirmed by Fig.  4(b) , which shows two focusing positions: one each near the center of the wider faces of rectangle. Moreover, due to the ability of the system to track the position of fast-moving particles in 3D, we are also able to observe dynamically how this focusing occurs in 3D. When we analyse the cross sectional distribution of particle positions along the flow direction by dividing the channel into 4 intervals as shown in Fig.  4(c) , we find that given the Re of 11, the focusing strength due to the inertial lift forces are not the same for the two directions. As shown in Fig. 4(d) , focusing across the vertical direction (i.e., along the narrower face) occurs rapidly, but focusing across the horizontal direction (i.e., along the wider face) occurs far more gradually, with particles slowly migrating toward the center of the wider faces across the entire 700 lm length of the channel under observation.
We note here that although we demonstrated with a single mirror and a straight channel, it will be possible to embed the multiple microprisms into microfluidic devices to observe dynamics of particles or flows from channels with complex design, for example, along bifurcating channels. In addition, microprism mirrors can have a broad impact in optofluidics field as a lab-on-a-chip component. Many optofluidic devices are designed to use either vertical or horizontal light path. For example, fluidic wave guides use horizontal light path while on-chip sensors such as photonic crystal or plasmonic sensor are typically planar structure and requires vertical light path. Microprism mirrors can redirect light path and allow easy integration of such components.
In conclusion, we have developed methods for fabricating microprism mirrors and prism-mirror-embedded microfluidic devices for measuring 3D positions of particles. Fabrication of the prism mirrors involves simple and wellestablished microfabrication techniques including silicon anisotropic etching and soft lithography, which can allow mass production of high quality microprism mirrors with low material cost. The microfluidic device design with the pre-defined mirror embedding chamber facilitates simple integration and precise alignment. These features combined with small size of the prism mirror provide high compatibility with various applications, as we demonstrate with simultaneous imaging of the top and side view of particles in microfluidic channels using fluorescent microscopy and a high-speed, 3D measurement of inertial migration of microparticles using transmitted light microscopy.
